The Youngest Known X-ray Binary: Circinus X-1 and its Natal Supernova
  Remnant by Heinz, S. et al.
Draft version December 4, 2013
Preprint typeset using LATEX style emulateapj v. 5/2/11
THE YOUNGEST KNOWN X-RAY BINARY: CIRCINUS X-1 AND ITS NATAL SUPERNOVA REMNANT
S. Heinz1, P. Sell1, R.P. Fender2,3, P.G. Jonker4,5,6, W.N. Brandt7, D.E. Calvelo-Santos3, A.K. Tzioumis8,
M.A. Nowak9, N.S. Schulz9, R. Wijnands10, and M. van der Klis10
Draft version December 4, 2013
Abstract
Because supernova remnants are short lived, studies of neutron star X-ray binaries within supernova
remnants probe the earliest stages in the life of accreting neutron stars. However, such objects are
exceedingly rare: none were known to exist in our Galaxy. We report the discovery of the natal
supernova remnant of the accreting neutron star Circinus X-1, which places an upper limit of t < 4, 600
years on its age, making it the youngest known X-ray binary and a unique tool to study accretion,
neutron star evolution, and core collapse supernovae. This discovery is based on a deep 2009 Chandra
X-ray observation and new radio observations of Circinus X-1. Circinus X-1 produces type I X-ray
bursts on the surface of the neutron star, indicating that the magnetic field of the neutron star is small.
Thus, the young age implies either that neutron stars can be born with low magnetic fields or that they
can rapidly become de-magnetized by accretion. Circinus X-1 is a microquasar, creating relativistic
jets which were thought to power the arcminute scale radio nebula surrounding the source. Instead,
this nebula can now be attributed to non-thermal synchrotron emission from the forward shock of the
supernova remnant. The young age is consistent with the observed rapid orbital evolution and the
highly eccentric orbit of the system and offers the chance to test the physics of post-supernova orbital
evolution in X-ray binaries in detail for the first time.
Subject headings: stars: binaries — stars: neutron — stars: individual (Circinus X-1) — ISM: super-
nova remnants — X-rays: binaries
1. INTRODUCTION
Observations of young high-mass X-ray binary
(HMXB) neutron stars can provide powerful constraints
on the physics of accretion, supernova explosions and the
early evolution and birth properties of neutron stars. Im-
portant properties that can be constrained from observa-
tions of such systems include the age, the magnetic field
strength, and the spin of a newly born neutron star, the
mass of the neutron star, the mass of its progenitor star,
the mass of its companion star, supernova kick veloci-
ties, and the pre- and post-supernova orbital parameters
of the binary system and their evolution.
Identifying newly formed HMXBs requires the detec-
tion of the supernova remnant in which they formed,
which allows an accurate determination of their age.
This motivates the search for supernova remnants around
Galactic HMXBs. However, the time during which the
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remnant is visible is at least three orders of magnitude
shorter than typical binary and stellar evolution time
scales, making X-ray binaries within their remnants ex-
tremely rare objects. The only firmly established X-ray
binary within a supernova remnant in our Galaxy, the
X-ray binary SS433 (Geldzahler et al. 1980), most likely
does not contain a neutron star but a black hole.
The neutron star11 X-ray binary Circinus X-1 has his-
torically been among the brightest X-ray sources in the
sky. The often erratic accretion behavior, the unusually
powerful jets of this microquasar, the difficulty in identi-
fying the mass and type of the companion star, and the
large scale radio nebula historically thought to be pro-
duced by the jets (Stewart et al. 1993; Tudose et al. 2006)
have made it hard to classify the source in the context of
typical neutron star X-ray binary classification schemes
(e.g. Oosterbroek et al. 1995; Calvelo et al. 2012b). The
source has often been referred to as a low-mass X-ray bi-
nary, which would imply an old age for Circinus X-1, but
many of its characteristics suggest that the source might,
in fact, be very young (Clarkson et al. 2004; Jonker et al.
2007).
Circinus X-1’s large X-ray flux has made searches for
faint diffuse X-ray emission around the source all but im-
possible, because the X-ray light from the neutron star
is scattered into an arcminute scale halo by interstel-
lar dust, easily overwhelming any underlying low surface
brightness emission. In this paper, we present the discov-
ery of the supernova remnant of the neutron star X-ray
binary Circinus X-1.
Literature estimates for the distance to Circinus X-1
11 The unambiguous identification of Circinus X-1 as a neutron
star is based on the detection of type I X-ray bursts from the source
(Tennant et al. 1986; Linares et al. 2010)
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2range from 4 kpc (Iaria et al. 2005) to 11 kpc, with a
most likely value of D = 8− 10.5 kpc (based on both the
radius-expansion burst method and the observed Galac-
tic neutral Hydrogen column density, Jonker & Nelemans
2004). Throughout this paper, we will use a fiducial dis-
tance of D = 8 d8 kpc to the source, with explicit de-
pendence of all numerical values on the true distance ex-
pressed in terms of d8. The qualitative results presented
in this paper are insensitive to the actual value of d8.
2. OBSERVATIONS
2.1. Data Reduction and Image Analysis
Circinus X-1 entered an extended period of low flux in
about 2005, which allowed the detection of extended X-
ray synchrotron emission from the powerful jets of this
microquasar (Heinz et al. 2007; Soleri et al. 2009). We
re-observed the source for 98,723 seconds with the Ad-
vanced CCD Imaging Spectrometer on Chandra on May
1, 200912 to confirm this detection and study the jet emis-
sion while the source was at the lowest flux state ever
recorded. Data were taken in timed exposure mode and
telemetered in Faint mode. The data were reprocessed,
reduced, and analyzed using CIAO version 4.5, CALDB
version 4.5.6, and XSPEC version 12.8.0.
An analysis of the jet emission was presented in a pre-
vious paper (Sell et al. 2010). This analysis did not ad-
dress the large scale diffuse X-ray emission beyond the
synchrotron jets in detail, which was tentatively inter-
preted as emission from the dust scattering halo. Below,
we present a full investigation of the arcminute scale dif-
fuse emission, showing clearly that the emission is, in
fact, not due to dust scattering.
Careful inspection of the faint, diffuse emission in ob-
servation Obs ID 10062 beyond the synchrotron jets re-
veals a smooth, roughly circular X-ray nebula, shown in
Fig. 1, that extends about 2.5 arcminutes from the point
source, beyond which the emission shows a well defined
edge in the Northern half of the image (the Southern half
is not fully covered by the CCDs). In order to visualize
the low surface-brightness excess, we applied adaptive
binning to the image, using weighted Voronoi-Delaunay
tessellation with a minimum signal-to-noise of 4 per res-
olution element (wvt image, see Diehl & Statler 2006)
and smoothed the resulting image using a Gaussian with
a FWHM of 10 Chandra ACIS pixels.
2.2. Eliminating Dust Scattering
Dust scattering of emission from the bright, central
accreting neutron star source could in principle produce
diffuse emission on the scales of the observed nebula.
Dust scattering can be ruled out as the dominant source
of the extended X-ray emission in Obs ID 10062 on three
grounds: (a) Given historical observations of the dust
scattering halo of Circinus X-1, the X-ray nebula is too
bright to be due to dust scattering, (b) the X-ray spec-
trum of the nebula is inconsistent with the expected
powerlaw emission of the dust scattering halo, and (c)
a chance coincidence of the close morphological corre-
spondence between the X-ray and radio nebulae is highly
unlikely. We will discuss these arguments in turn.
12 Obs ID 10062 in the Chandra archive
Fig. 1.— Chandra X-ray image of the supernova remnant and jet
of Circinus X-1 in the energy range 1-3 keV. Adaptive binning to
a signal-to-noise of 4 per resolution element and Gaussian smooth-
ing with 10 pixel FWHM were applied for noise reduction. The
CCD read-out streak was removed from the image according to
standard practices. The central elongated brightness enhancement
(yellow-white color) is due to the neutron star point source and
the bi-polar jet emission (Heinz et al. 2007; Soleri et al. 2009; Sell
et al. 2010). The scale bar shows an angular scale of 4 arcminutes.
The color bar shows the surface brightness scale in units of pho-
tons s−1 cm−2 arcsec−2. The image is oriented such that North is
up and East is to the Left.
2.2.1. Surface Brightness Arguments Against Dust
Scattering
The central brightness enhancement in Fig. 1 is due to
the neutron star point source and the bi-polar jet emis-
sion. However, the emission flattens at radii between 30
and 150 arcseconds, deviating from the expected, gradu-
ally declining, radial brightness profile of dust scattering.
In order to eliminate dust scattering as the source
of the extended emission, we constructed radial surface
brightness profiles Σ of the dust scattering halo from two
previous Chandra observations (Obs ID 706, March 2000;
Obs OD 1700, June 2000), shown in Fig. 2. During these
observations, the X-ray binary point source was a factor
of approximately 2,500 and 1,000 brighter than during
Obs ID 10062, respectively. Given these high fluxes and
the existing estimate of the dust scattering fraction for
Circinus X-1 (Predehl & Schmitt 1995), any extended
emission beyond the inner few arcseconds in Obs ID 706
and Obs ID 1700 must be due to dust scattering.
Dust scattering induces a time delay of ∆t =
1.1 d8 days(θ/100
′′)2x/(1−x) between the arrival of light
from the point source and the arrival of the correspond-
ing scattered dust emission (Predehl & Klose 1996) where
θ is the angle of the scattering halo on the sky and x is
the fractional distance from the observer to the dust. We
must therefore consider the point source emission not just
during the observation but also during the days leading
up to each observation.
The X-ray lightcurves for the two weeks prior to each
of the three observations are shown in Fig. 3. The daily
average Rossi X-ray Timing Explorer All Sky Monitor
(ASM) flux for Circinus X-1 in the two weeks prior to
Obs ID 706 was approximately constant at ≈80 counts
per second. The analysis of the point source and the dust
3Fig. 2.— The 0.5-2 keV X-ray surface brightness Σ of Chan-
dra observations Obs ID 706, 1700, and 10062 shown as solid
red diamonds, blue squares, and black dots, respectively, plot-
ted against radial distance from Circinus X-1. Diffuse parti-
cle background emission at a uniform level of Σ0.5−2.0 ∼ 4.4 ×
10−18 ergs s−1 cm−2 arcsec−2 was subtracted from the Obs ID
10062 profile (shown as dashed yellow line for comparison). Re-
gions dominated by synchrotron jet emission were excluded. The
estimated contribution from the dust scattering halo to Obs ID
10062 is shown as open red diamonds, well below the measured
surface brightness of the supernova remnant. Vertical error bars
indicate one-sigma uncertainties.
Fig. 3.— X-ray lightcurves of Circinus X-1. Rossi X-ray Timing
Explorer All Sky Monitor lightcurves of the point source emission
from Circinus X-1 during the time interval tstart−14 days to tstart+
2 days, measured from the start times tstart of Obs IDs 706, 1700,
and 10062 (red diamonds, blue squares, and black upper limits,
respectively). The Chandra and Swift fluxes during and before Obs
ID 10062 are shown as black dots. The inferred dust-delay time
for the outer halo of ∆t ∼< 1 day is shown by the horizontal arrow.
The yellow horizontal bar indicates the point source flux required
to produce a halo as bright as the nebula in Obs ID 10062. Vertical
error bars and upper limits indicate one-sigma uncertainties. There
is no indication from the observations that the source could have
been bright enough just prior to Chandra Obs ID 10062 to produce
the observed nebula by dust scattering.
scattering halo was restricted to the first 40% of Obs ID
706, representative of the flux the source had in the two
weeks leading up to Obs ID 706, avoiding the bright flare
during the second half of the observation visible in Fig. 3.
From the dust scattering emission in Obs ID 706, we
constructed the expected radial surface brightness profile
of the dust scattering contribution to Obs ID 10062, us-
ing the ratio of the 0.5-2.0 keV point source fluxes of 2720
measured with Chandra for both observations (open red
diamonds in Fig. 2; error bars account for the variability
of the source in the week leading up to Obs ID 706, esti-
mated from the standard deviation of the orbit-to-orbit
ASM flux variations, propagated in quadrature with the
uncertainties in the radial surface brightness profile of
Obs ID 706 and the point source flux of Obs ID 10062.
The radial surface brightness profile for Obs ID 10062
itself, excluding the regions of the image identified as
synchrotron shock emission (Sell et al. 2010), is shown
as black dots in Fig. 2. Over the extent of the nebula,
the observed surface brightness in the 0.5-2 keV energy
band is a factor of approximately 3 to 6 higher than
the predicted contribution from the dust scattering halo.
Thus, the nebula cannot have been produced by dust
scattering while the point source flux was at the level
measured during our Chandra observation.
Using Obs ID 1700, we can estimate the delay time
∆t for the dust towards Circinus X-1 to show the nebula
in Obs ID 10062 cannot have been produced by a flare
of the point source prior to Obs ID 10062: In the two
weeks prior to Obs ID 1700, the ASM X-ray lightcurve
of Circinus X-1 was roughly constant at 50-70 counts per
second, close the flux before Obs ID 706. One day before
Obs ID 1700, the ASM source flux dropped sharply to
10-20 counts/s and then re-brightened to approximately
30 counts per second during the Chandra observation.
The halo surface brightness within the inner 100 arsec-
onds of Obs ID 1700 is at roughly 50% of the halo surface
brightness in Obs ID 706, approximately the same ratio
as the point source fluxes during the observations. Out-
ward of 100 arcseconds, the halo brightness drops steeply
in Obs ID 1700 to about 10%-20% of the surface bright-
ness in the outer halo of Obs ID 706. In the two week
intervals leading up to both observations, the only time
period before Obs ID 1700 when the point source was a
factor of 5 to 10 dimmer than it was at the corresponding
time before Obs ID 706 was during the 24 hours leading
up to the observations. Thus, the dust delay time for
annuli between 100 and 170 arcseconds from the central
source must be ∆t ≤ 1 day, and correspondingly shorter
on smaller angular scales.
During the second half of Obs ID 706, the dust scatter-
ing halo shows a ∼ 25% increase in flux, roughly within
10,000 seconds of the point source brightening. This
yields an independent estimate of ∆t ∼ 0.4 days for the
variability and thus the dust delay time of the halo, con-
sistent with the estimate of ∆t ≤ 1 day from Obs ID
1700.
On the other hand, the X-ray nebula in Obs ID 10062
shows no sign of X-ray variability in any of the annuli be-
tween 20 and 150 arcseconds, consistent with the expec-
tation for diffuse emission from an astrophysical source
like a supernova remnant, but inconsistent with dust
scattering from a bright flare of the point source during
the time leading up to the observation. We can place an
4upper limit on any secular change of the surface bright-
ness during the observation of less than 2.5% per day.
Obs ID 10062 had an exposure time longer than 1 day,
and the point source flux during that observation was
constant within the uncertainties.
2.2.2. Spectral Evidence Against Dust Scattering
The X-ray spectrum of the nebula shows clear evidence
for emission lines from Magnesium, Silicon, and Sulfur
(see §2.5 for a detailed discussion of the spectrum). On
the other hand, the point source spectrum is best fit by
a powerlaw Fν ∝ ν0.4, modified by photoelectric absorp-
tion. Dust scattering is expected to steepen this pow-
erlaw by a factor of ν−2. The resulting powerlaw spec-
trum is statistically inconsistent with the observed ther-
mal nebular spectrum. It is consistent with the residual
background emission in the annuli beyond the nebula, in-
dicating that residual dust scattering emission is present
at the low level predicted by the profile derived from Obs
ID 706.
2.2.3. Morphological Evidence Against Dust Scattering
Finally, and most importantly, the sharp edge of the
northern half of the X-ray nebula closely follows the edge
of the radio nebula (Fig. 5), including several deviations
from the generally circular shape of the northern hemi-
sphere and the east-west asymmetry that would not be
expected for an axi-symmetric dust scattering halo. It is
highly unlikely that two independent mechanisms (dust
scattering and the shock responsible for the radio emis-
sion) would produce such a close match between these
two shapes.
We conclude that the bulk of the extended emission in
Obs ID 10062 cannot be caused by dust scattering.
2.3. ATCA Radio Observations
We obtained a high-resolution radio image of the rem-
nant in the 1.1-3.1 GHz band, taken with the Australia
Telescope Compact Array on December 16, 2011, with
an integration time of 19.5 hours in 6A array configura-
tion (minimum baseline of 337m, maximum of 5939m).
The FWHM beam size of the image is 4.9 × 4.0 arcsec
at position angle 0.5◦, with a theoretical rms noise of
4µJy per beam. PKS1511-55 was used for flux, phase,
and band-pass calibration.
Deconvolution was carried out using a combination
of the MFCLEAN (Sault & Wieringa 1994) and CLEAN
(Ho¨gbom 1974) subroutines. Data processing was car-
ried out in MIRIAD (Sault et al. 1995).
Previous radio observations of the nebula were taken
at lower resolution (Stewart et al. 1993; Tudose et al.
2006), suffering from contamination of the large scale dif-
fuse emission by the bright jet and point source emission.
Higher resolution images of Circinus X-1, taken to inves-
tigate the sub-arcsecond jet emission close to the point
source typically over-resolve the diffuse emission, but re-
cent 5.5 GHz observations show evidence for a sharp,
filamentary edge to the nebula (Calvelo et al. 2012b).
The radio image presented here clearly resolves the
nebula as an edge-brightened, asymmetric synchrotron
shell, shown in Fig. 4. Figure 5 shows an overlay of this
radio image on the diffuse X-ray emission. The portions
of the nebula covered by the Chandra CCDs line up well
Fig. 4.— 1.1-3.1 GHz broad band radio image of the Circinus
X-1 supernova remnant and jet taken with the Australia Compact
Telescope Array on 16 December 2011. The scale bar shows an
angular scale of 4 arcminutes. The color bar shows the image
surface brightness in units of Jy per beam, with a FWHM beam
size of 4.9×4.0 arcseconds at position angle 0.5◦. The image is
oriented such that North is up and East is to the Left.
Fig. 5.— Radio-X-Ray Overlay of the Circinus X-1 Supernova
Remnant. Left panel A: soft 1-2 keV, medium 2-3 keV, and hard 3-
5 keV X-ray emission in red, green, and blue, respectively; the radio
synchrotron emission is overlaid in Cyan. The extraction regions
for the source spectrum and the inner background spectrum are
indicated as white and light-gray contours, respectively. The inner
rim of the outer background extraction region can be seen as the
dark-gray contour. Right panel B: overlay of the radio (red) and
X-ray (white) contours of the remnant edge. Contours we identify
as part of the remnant are shown in a lighter shade. The part of
the image not covered by the Chandra CCDs is marked by the grey
hatched area. The white arrows indicate dents where both radio
and X-ray emission deviate from a simple circular contour. The
images are oriented such that North is up and East is to the Left.
with the radio nebula: The edge of the X-ray emission is
just inside the radio shell, even following a pronounced
dent in the North-Western section of the radio image.
The morphology of both the X-ray and the radio images
are consistent with the expected appearance of a young
supernova remnant.
5Fig. 6.— Chandra Top panel: X-ray Spectrum of the outer por-
tion of the supernova remnant, showing Magnesium XI and XII
(1.4 keV), Silicon XIII (1.8 keV) and Sulfur XV (2.4 keV) emission
lines. Error bars indicate one-sigma uncertainties. The dark gray
histogram shows the best fit SEDOV shock model with photoelectric
foreground absorption, the light-grey histogram shows the best-fit
powerlaw model. The spectrum contains approximately 2900 net
source counts and covers approximately 30% of the remnant area
visible on the ACIS CCDs. Bottom panel: fit residuals for the best
fit SEDOV and powerlaw models in dark and light grey, respectively.
2.4. Extraction of the Remnant X-ray Spectrum:
Because of the potential contamination by residual
emission from the dust scattering halo, we used only the
outer portion of the remnant beyond 95 arcseconds from
the source, where the fractional contribution from dust
scattering should be smallest, to determine the remnant
spectrum. We restricted the spectral extraction to the
northern portion of the nebula, where the surface bright-
ness of the nebula and therefore the signal-to-noise is
largest. This section of the nebula is fully covered by
the ACIS S-3 CCD. Point sources, the read-out streak,
and regions affected by the dithered edge of the ACIS
S-3 chip were excluded from the extraction.
We chose the primary background region to be close to
the remnant in order to model potential residual emis-
sion from the dust scattering halo. A second background
region on the farthest corner of the same Chandra ACIS
S-3 CCD was chosen to subtract the particle background.
The resulting spectrum contains approximately 2900 net
source counts in the 0.8-6 keV range used for the fits,
out of 7774 total (source plus background) counts. The
background-subtracted spectrum used in the fits is shown
in Fig. 6. The source and inner background extraction
regions are indicated in Fig. 5.
From the radial surface brightness profile of the halo,
we estimate the maximum contamination by dust scat-
tering to be < 20% of the 0.5-3 keV flux from the rem-
nant. We modeled this contribution by jointly fitting a
powerlaw modified by photoelectric absorption to both
the remnant and the primary background region, in ad-
dition to the Sedov blast wave model, which we fitted to
the remnant spectrum only.
The relative flux ratio of the halo emission contami-
nating the spectrum of the remnant to the halo emission
in the primary background spectrum was derived from
the radial surface brightness profile of the dust scattering
halo in Obs ID 706 derived in the appendix and shown in
Fig. 2, integrated over the regions from which the spec-
tra were extracted. Particle background contamination
(subtracted from the spectrum using the second back-
ground region) dominates the spectrum above energies
of 6 keV and below energies of 0.8 keV, which motivated
the choice of the energy band of 0.8 to 6 keV used in the
fits in §2.5.
2.5. Spectral Fits
The X-ray spectrum of the nebula, shown in Fig. 6,
clearly indicates significant photoelectric attenuation by
foreground gas and dust. The interstellar neutral hy-
drogen column density of NH ≈ 1.8 ± 0.1 × 1022 cm−2
determined from the spectral fits13 is consistent with a
source distance of D ≈ 8 kpc (Jonker & Nelemans 2004).
The large column density is consistent with previous esti-
mates and the large amount of visible extinction towards
Circinus X-1.
The X-ray spectrum shows clear evidence for emission
lines from Magnesium, Silicon, and Sulfur, inconsistent
with a simple powerlaw model, which would be expected
if the X-rays were due to synchrotron emission. Figure
6 shows the best fit powerlaw model and residuals in the
top and bottom panels, respectively. With a reduced chi-
square of χ2red,power =
197.63
91d.o.f. = 2.2, we can formally rule
out a powerlaw model for the X-ray spectrum with a high
degree of confidence. Adding narrow Gaussian emission
lines for Magnesium, Silicon, and Sulfur improves the
chi-square by ∆χ2Mg = 30.27, ∆χ
2
Si = 36.31, and ∆χ
2
S =
24.58, respectively.
On the other hand, non-equilibrium shock models
such as PSHOCK, NEI, and SEDOV provide a statistically
satisfactory spectral fit, with a reduced chi-square of
χ2red,non−eq = 1.0 in all three cases, consistent with
the expectations for a young supernova remnant. Non-
equilibrium models are statistically preferred over equi-
librium ionization models like APEC, which give a best-fit
reduced chi-square of χ2red,eq = 1.2.
Based on the evidence from both imaging and spectral
analysis, we conclude that the X-ray nebula must be the
supernova remnant of Circinus X-1. We estimate the su-
pernova parameters by fitting the spectrum with a SEDOV
blast wave model (Hamilton et al. 1983; Borkowski et al.
2001). The best fit model is shown as in black in Fig. 6.
Fit results are listed in Table 1 and confidence intervals
of the key supernova parameters derived from the SEDOV
model fits are plotted in Fig. 7.
The formal best fit shock temperature is Ts =
1.0+7.3−0.4 keV, corresponding to a shock velocity of
vs = 910
+1690
−210 km s
−1 and a remnant age of t =
2440+720−1590 d8 yrs. The dynamical remnant parameters,
such as the age, the swept up mass, and the explosion
energy, are derived from the spectral fits using the stan-
dard relations for adiabatic supernova remnants in the
13 Uncertainties are quoted at the one-sigma 68% confidence
level unless otherwise specified
6TABLE 1
PHABS*SEDOV best fit parametersa.
NH,22
b Tec Tsd Z/Ze τ11f EML,17g
1.8± 0.1 0.9+0.4−0.8 1.07.3−0.4 1.3+0.9−0.5 1+1−0.2 1.5+1.3−0.7
a The reduced chi-square of the best fit parameters shown in the table
is χ2/d.o.f. = 348.5/345.
b Absorption column density NH,22 ≡ N/1022 cm−2 in units of
1022 cm−2
c Electron temperature Te in keV
d Shock temperature Ts in keV
e Metal abundance Z in units of solar metalicity Z
f Ionization age τ11 ≡ τ/1011 s in units of 1011 s, where τ = net is the
product of the electron density ne behind the shock and the age of the
remnant t
g Spectral normalization, given as the line emission measure EML =∫
dlnenH, averaged over the spectral extraction region, in units of
1017 cm−5
Sedov expansion phase (Hamilton et al. 1983, equations
4a-4e; see also, e.g., Safi-Harb et al. 2000; Borkowski
et al. 2001).
The upper limit of the shock temperature and the lower
limit to the remnant age are not well constrained by the
SEDOV fits, consistent with the expectations for young
supernova remnants (Borkowski et al. 2001; Vink 2012).
This is due to (a) the uncertainty introduced by the resid-
ual contribution from the dust scattering spectrum, (b)
the dominant contribution of the diffuse particle back-
ground above energies of 6 keV, and (c) the low effective
area of the Chandra mirrors above above 3 keV, with very
few sources counts in the 3-6 keV range. These sources of
uncertainty are fully reflected in the confidence intervals
plotted in Fig. 7 and quoted in the text.
More importantly, however, the fit provides a robust
three-sigma lower limit of Ts > 0.3 keV on the shock
temperature. Given the nominal source distance of D =
8 d8 kpc and a measured shock radius of R ∼ 150 arcsec
in the northern hemisphere of the remnant, this lower
limit on the shock temperature translates into a three
sigma upper limit of t < 4, 600 d8 yrs on the age of the
remnant. This result is insensitive to the specific shock
model used: fits with SEDOV, NEI, PSHOCK, NPSHOCK
or even equilibrium (APEC) models yield the same limit.
We determine the mean ambient Hydrogen density n0
from the ionization age parameter τ ≡ net = 4.8n0t
(for cosmic abundance plasma and standard strong-shock
Rankine-Hugoniot jump conditions for a γ = 5/3 ideal
gas, where ne is the post-shock electron density Safi-Harb
et al. 2000) to be n0 ≈ 0.27+0.60−0.05 d−18 cm−3. The low ex-
ternal density estimate from the ionization age is roughly
consistent with estimates derived from the emission mea-
sure, n0,EM ≈ 0.16+0.22−0.11 d−1/28 f−1/2 cm−3, where f ≤ 1
is the filling factor of the emitting gas.
The Sedov estimate of the total energy in the blast
wave is Es ∼ 0.09+2.2−0.03 × 1051 d28 ergs. Within the uncer-
tainties, this is consistent with typical supernova rem-
nant energies of E ∼ 1051 ergs.
From the spectral fits, we find that the abundance of
heavy elements in the outer remnant is Z = 1.3+0.9−0.5Z
relative to solar, which is consistent with emission pre-
dominantly from the forward shock into relatively un-
enriched material. Because of the possible contamination
of the inner remnant by dust scattering emission, we can-
not reliably test for enriched emission by the supernova
ejecta.
3. DISCUSSION AND CONCLUSIONS
The upper limit of t < 4, 600 d8 years on the age of the
remnant makes Circinus X-1 the youngest known X-ray
binary. The black hole candidate SS433, the only other
firmly established14 Galactic X-ray binary within a su-
pernova remnant (Geldzahler et al. 1980), has an esti-
mated age of 104 yrs < t ∼< 105 yrs (Lockman et al. 2007;
Goodall et al. 2011). Two other plausible HMXB can-
didates in nearby galaxies have been suggested to reside
within supernova remnants, the Be/X-ray binary pulsar
SXP 1062 (He´nault-Brunet et al. 2012) in the Small Mag-
ellanic Cloud, and DEM L241 (Seward et al. 2012) in the
Large Magellanic Cloud, both of which were estimated
to be of similar age to SS433.
A number of important conclusions follow from this
discovery.
If the neutron star formed through core collapse of
a massive star then the very young age of the system
implies that the companion star cannot be a low mass
star, given the orbital constraints derived by Jonker et al.
(2007), because a low mass star would not have had time
to evolve off the main sequence to fill its Roche lobe at
periastron. A massive companion star, most likely an
A0 to B5 type supergiant (Jonker et al. 2007), would be
consistent with the young age.
The young age of the system explains the high ec-
centricity and the short orbital evolution time, between
P/P˙ ∼ 3, 000 years inferred from X-ray dip timing
(Parkinson et al. 2003; Clarkson et al. 2004) and P/P˙ ∼
20, 000 years from radio flare timing (Nicolson 2007),
since the system has not had time to tidally circularize
its orbit from the eccentricity it received in the supernova
explosion.
Because the system is so young, the current orbital
parameters are likely close to the orbit of the binary im-
mediately after the supernova explosion. The orbital pe-
riod of P = 16.5 days and the eccentricity of e ∼ 0.45
(Jonker et al. 2007) fall into the expected range of or-
bital parameters for post supernova HMXBs with kick
velocities of several hundred km/s. In systems like this,
the neutron star spin, the companion spin, and the or-
bital axis are likely mutually misaligned (Brandt & Pod-
siadlowski 1995). Spin-orbit coupling effects can cause
precession of the binary orbit and the neutron star spin
relative to each other and to the spin of the companion
star, consistent with suggestions of precession of the jet
axis based on radio (Calvelo et al. 2012a) and X-ray data
(Sell et al. 2010). Such precession may induce changes in
the accretion geometry that could help explain the strong
long term modulation of the X-ray lightcurve (Brandt &
Podsiadlowski 1995).
While we consider a core collapse supernova the most
likely explanation for the formation of Circinus X-1, a
proposed alternative channel for neutron star formation
is the accretion- induced collapse (AIC) of a white dwarf
(e.g., Canal & Schatzman 1976; Nomoto et al. 1979;
Michel 1987; Bhattacharya & van den Heuvel 1991). In
14 The nature of the central source in the young supernova rem-
nant RCW103 is currently uncertain (Li 2007), but it could be a
low-mass X-ray binary at an age similar to Circinus X-1 (De Luca
et al. 2006).
7Fig. 7.— Confidence intervals from the SEDOV model fits for the
remnant age in years (horizontal axis), the supernova energy in
units of 1051 ergs, the swept up mass in units of solar masses, and
the metal abundance relative to solar values (bottom, middle, and
top panel, respectively). From inside out, the contours show the
one (68%), two (95%), and three-sigma (99.7%) confidence ranges.
The fits provide robust upper limits on the remnant age and lower
limits on the swept up mass and supernova energy. The formal
best fit parameters are marked by black dots.
this case, the companion would most likely be an evolved
low mass star (likely of mass M ≈ 0.4M; Jonker et al.
2007). Given the uncertainties in the supernova param-
eters and the current lack of a firm theoretical under-
standing of the observational signatures of AIC super-
nova remnants, we cannot rule out or confirm AIC as a
formation scenario.
However, the rapid current orbital evolution of the sys-
tem, with an orbital time scale of the order of a few thou-
sand years, and the high orbital eccentricity, are hard to
understand if the neutron star had formed through AIC:
Given that AIC supernovae are generally not believed to
impart significant eccentricity to post-supernova binary
orbits (Podsiadlowski et al. 2004; Tauris et al. 2013),
the current orbital parameters would reflect the pre-
supernova orbit in this scenario. The progenitor white
dwarf would have had to accrete of order 0.3M from its
companion on time scales much longer than the current
orbital evolution time, and the orbit would have circu-
larized.
At an estimated un-absorbed 0.5-10 keV
surface brightness of Σ0.5,10 ∼ 3.5+1.2−0.8 ×
10−16 ergs s−1 cm−2 arcsec−2 (averaged over the spectral
extraction region), the remnant has relatively low sur-
face brightness compared to other remnants of similar
physical size, comparable to SN 1006, though not as
faint as plerionic supernova remnants like G21.5-0.9
(Bocchino et al. 2005; Matheson & Safi-Harb 2010).
The low surface brightness likely indicates that the
supernova exploded into a low density wind driven by
the progenitor star (Dwarkadas 2005; Chevalier 2005),
consistent with the low ambient Hydrogen density
estimate of n0 ≈ 0.27+0.60−0.05 d−18 cm−3 inferred from the
spectral fits. In this case, the age derived from the
SEDOV fits would likely be an overestimate (Dwarkadas
2005).
The estimated swept up mass is Ms ≈ 7.4+16.5−1.5 d28M,
suggesting that the remnant has only recently entered
the Sedov phase, where the swept up mass exceeds the
ejecta mass. If the remnant is still expanding into the
stellar wind bubble blown by its progenitor, we can
place a rough lower limit on the progenitor mass of
Mprog = Mejecta + Mwind + MNS ∼> 7M. The low
ambient density and the roughly solar metalicity of the
emitting gas would be consistent with a type IIP super-
nova explosion of a progenitor star of mass M ∼ 8 to
25M (Chevalier 2005).
Based on the evidence that the X-ray nebula is the
supernova remnant of Circinus X-1, we conclude that
the radio nebula surrounding Circinus X-1 is most likely
not inflated by the radio jets of the source, but cre-
ated through synchrotron emission from standard non-
thermal acceleration of electrons in the external shock,
as first suggested by Clarkson et al. (2004). The limb-
brightened appearance of the radio nebula in Fig. 4 and
the filamentary edge of the nebula visible in Fig. 7 of
Calvelo et al. (2012b), typical for supernova remnants,
is inconsistent with the traditional interpretation of the
nebula as a radio lobe. While a jet-inflated bubble of
relativistic plasma could conceivably produce a similar
external shock in both non-thermal radio and thermal X-
ray emission, effectively mimicking a supernova remnant
in appearance, the synchrotron emission from within the
bubble required to drive such a powerful shock would
be five orders of magnitude brighter than the observed
radio flux from the entire nebula (Tudose et al. 2006),
ruling out the possibility that the large scale nebula is
jet powered.
The synchrotron age of tjet ∼ 1, 600 years inferred for
the X-ray jets (Sell et al. 2010) implies that the jets,
and thus accretion, must have turned on soon after the
explosion. The location of the synchrotron X-ray shock
about a third of the way across the remnant might in-
dicate the location where the jets impact the inner edge
of the supernova ejecta. The fact that both SS433 and
Circinus X-1 exhibit extended synchrotron jet emission
suggests that the high-pressure environment of the inte-
rior of a supernova remnant boosts synchrotron emission
8by confining the relativistic plasma at high pressure.
The asymmetric shape of the radio nebula is more pro-
nounced than in other remnants of core collapse super-
novae, with an aspect ratio of more than 2:1 in the North-
South vs. East-West direction. This may be a result of an
asymmetric explosion and/or a highly anisotropic exter-
nal medium shaped by the progenitor wind; winds from
evolved massive stars in binary systems are known to be
highly anisotropic. It is also possible that the Southern
protrusion is at least in part caused by energy injection
from the jets. This would imply a jet power in excess of
1039 ergs s−1, significantly larger than the Eddington lu-
minosity for a neutron star, but similar to the jet power
of SS433. Given the similarities in the shapes of the su-
pernova remnants and in the properties of their relativis-
tic jets, Circinus X-1 may present an earlier evolutionary
stage of an SS433-like system.
The high visible extinction towards Circinus X-1 ex-
plains why the remnant has not been found in narrow-
band visible images of the region. However, the super-
nova itself would have been visible to the naked eye from
latitudes lower than about 35 degrees North.
Finally, the very active ongoing accretion from the
companion star, the lack of X-ray pulses, and the ob-
served type I X-ray thermonuclear bursts of the source
(Tennant et al. 1986; Linares et al. 2010) imply that
the surface magnetic field of the neutron star is low,
B  1012 G (Fujimoto et al. 1981; Bildsten 1998). Any
initially high magnetic field cannot have decayed by dif-
fusion alone in the short time since the supernova (e.g.,
Goldreich & Reisenegger 1992; Harding & Lai 2006).
Thus, the neutron star must either have been born with
low magnetic field (possibly by burial through massive
fall-back accretion; Muslimov & Page 1995; Ho 2011;
Bernal et al. 2013, or if the neutron star formed through
accretion-induced collapse of a low-field white dwarf;
Bhattacharya & van den Heuvel 1991) or the field must
have been buried by the rapid accretion near the Edding-
ton rate (Cumming et al. 2001; Payne & Melatos 2006,
2007) that the source has experienced in the recent past.
Given the low magnetic field strength and the implied
low rate of magnetic braking, the neutron star is likely
spinning at close to the rotation rate it had at birth.
The discovery of the supernova remnant of Circinus
X-1 opens a new window on the study of young X-ray
binaries. The ability to correlate the rapid, non-linear
evolution of the orbital parameters with the accretion
behavior of the source holds significant promise for a de-
tailed understanding of the complex, sometimes puzzling
behavior of a newly formed X-ray binary.
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